C to gain insights on the influence of temperature. The microstructure and elemental composition of the corrosion products resulting from the exposures were studied with scanning electron microscopy and energy dispersive X-ray spectroscopy, respectively. The results show that corrosion attack progressed with time such that the thickness of the consistently identified three regions of corrosion products increased with time, therefore suggesting that the corrosion products were not protective. Also, exposures under varying temperature conditions revealed 3
Introduction
The Danish energy sector aims to be powered by 100% renewable energy by 2050, and to be coal-free by 2030 1,2 . Consequently, most coal-fired boilers are being modified for biomass use 3, 4 . However, during biomass firing in power plants, corrosion of superheater tubes has been identified as a serious challenge that limits operation at high steam temperatures, thereby minimizing efficiency 3 . This challenge originates from the high content of alkali chlorides in the deposits that form on the surface of superheaters when biomass is fired in power plants 5, 6 . The mechanisms behind the resulting fast corrosion of superheaters are still not completely understood due to the influence of a number of parameters such as deposit composition, temperature and flue gas chemistry. Nonetheless, Cl from the deposit has been recognized to be chiefly responsible for the fast corrosion of superheaters through the mechanism generally referred to as active oxidation [7] [8] [9] [10] [11] [12] .
Previous laboratory scale investigations under gaseous atmospheres mimicking biomass firing have
shown that the original KCl particles in the deposit are converted to K 2 SO 4 according to reaction (1) [13] [14] [15] [16] . The resulting K 2 SO 4 is less corrosive than KCl 17 , and hence, technologies facilitating sulphation of KCl to K 2 SO 4 in the gas phase are employed to minimize the fast corrosion of superheater tubes 18, 19 . 2KClሺsሻ + SO ଶ ሺgሻ + 1 2 O ଶ ሺgሻ + H ଶ Oሺgሻ ⇌ K ଶ SO ସ ሺsሻ + 2HClሺgሻ ሺ1ሻ
However, sulphation of condensed KCl particles on the surface of the superheater tube can have serious implications for the corrosion attack, because the released HCl (see reaction 1) close to the metal surface may serve as a source of chlorine to propagate corrosion. Moreover, the present understanding of the progression of the corrosion attack with time under such conditions is inconsistent. On one hand, However, recent studies 21, 22 have suggested that the corrosion process during biomass firing can involve other mechanisms such as sulphation and chlorination, thus, the influence of temperature on the corrosion mechanism may not only be limited to its effect on reaction 2. Accordingly, the present paper, by means of dedicated corrosion exposures under well-defined conditions mimicking biomass 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   5 firing, also aims to provide insights into the effect of temperature on superheater corrosion. In addition to isothermal exposures at different temperatures, the influence of thermal variations on corrosion was also investigated, with the example of variations between 560 o C and 600 o C. The temperature variations have been applied by switching from low to high temperature as well as vice versa, from high to low temperature, under otherwise the same exposure conditions that mimicked biomass firing.
Experimental

Sample preparation and high temperature corrosion exposures
The austenitic stainless steel TP 347H FG (fine grained, with ASTM grain size: 8.8-9.2 23 ), being a typical superheater material in thermal power plants, was used for the investigations. The chemical composition of the steel has been determined to be: 18.1 wt% Cr, 10.3 wt% Ni, 2.0 wt% Mn, 0.5 wt% Nb, 0.4 wt% Si and Fe as balance. The C-content of the steel amounts to 0.057 wt% 24 . The investigated samples were cut from the as received tube to give segments with a width of 10 mm, height of 7.4 mm with the corresponding arc length of the concave side being 14.6 mm. The samples were cleaned ultrasonically using acetone and then dried with ethanol. Afterwards, they were coated on the concave side with a deposit slurry that was obtained by mixing KCl and 2-propanol. After evaporation of the solvent, a deposit thickness of about 1mm, which corresponds to a deposit coverage of about 1 mg/mm 2 , was obtained on the surface of the samples.
The deposit coated samples were exposed in a corrosion test rig that comprised of a gas mixing panel, a furnace and a gas cleaning unit. A detailed description of this setup is given elsewhere 25 . The corrosion exposures were carried out under a gas atmosphere comprising of 60 ppmv SO 2 , 400 ppmv HCl, 6
vol% O 2 , 12 vol% CO 2 and 82 vol % N 2 (on dry basis). This corresponds to the gas composition measured during straw firing in a power plant, with the concentration of HCl representing a worst case 13 . With the exception of SO 2 and HCl, the gas mixture was bubbled through a water bath to incorporate 3 vol% of H 2 O.
Corrosion exposures were conducted under the time and temperature conditions summarized in Table   1 . Experiments T1-T6 were carried out isothermally with the intention to understand the progression of corrosion with time, while experiments T7 and T8 involved thermal variations to reveal the influence of the temperature sequence, as illustrated in Figure 1 . After each experiment, samples were cooled inside the furnace under a flow of the gas mixture. 
Characterization of corrosion products
The corrosion products resulting from the various high temperature exposures in Table 1 were characterized by investigating cross sections of the exposed samples using Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS). The sample cross sections were accessed following a two-stage mounting process to preserve the corrosion products according to a previously described procedure 25 . Absolute ethanol (VWR Chemicals, 99.9 %) was utilised as lubricant during metallographic preparation due to the solubility of some corrosion products in water.
An Inspect S (FEI) was utilized for SEM characterization of the corrosion products. The microscope was operated with an acceleration voltage of 15 keV and imaging was carried out with a backscatter electron detector. EDS analysis was carried out using an Oxford silicon drift detector attached to the SEM, and was also conducted with an acceleration voltage of 15 keV. Figure 2 , it is probable that the region consists of two phases. Region 2, which contains several voids and porosities, is located below region 1, and is often separated from region 3 by a crack. Infiltration of these cracks with the embedding epoxy suggests that they originate from sample handling, prior to or during the mounting process. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   9 Region 3 was typically the most porous region of the corrosion products and also includes the areas of grain boundary attack. In addition to the obvious crack between regions 2 and 3, various cracks are observed within the corrosion products and they may have originated from sample handling or preparation. As observed from the micrographs in Figure 2 , the existence of the three regions of corrosion products was not altered as a function of time, rather their thicknesses varied (Figure 3) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 10 the experiments, the observed variation in thickness of the regions of the corrosion products is utilized to assess the degree of corrosion attack. The plots clearly show that the average thicknesses of the three regions of corrosion product increased with time while the large standard deviations, in particular after prolonged exposure time, reflect the non-uniform thickness of the different regions as observed in Figure 2 . Figure 4 shows the representative elemental distribution of the three regions of corrosion products on the example of a sample that was isothermally exposed at 560 o C for 672 h (cf. Fig. 2d ). As observed from the elemental maps, region 1 is enriched in K, S, Mn, Fe and O with the darker features being particularly rich in K and S. Region 2 is Fe, Cr, and O rich with significant Cr enrichment in the lower parts. In region 3, strong enrichment of Ni is evident. In addition, enrichment of Cl is observed here, however, it is important to note that signals from the epoxy resin penetrating into this porous region, may have contributed to this. The composition of regions 1 and 2 are moderately consistent for the varying morphologies of corrosion products observed on different samples. However, in region 3, the composition (both within a given sample, and among different samples) occasionally deviates from being exclusively Ni-rich to include S, O and other alloying elements such as Fe or Cr. As such variation was observed even on samples isothermally exposed for 672 h, the earlier suggestion that establishment of a Ni-rich porous layer at the corrosion front is time dependent 25 cannot be confirmed in the present work.
Results and discussion
The influence of time
The composition of the corrosion products and their distribution in the different regions are a consequence of the Cl-propagated mechanism of corrosion under biomass firing conditions in which chloride species in the gas or from reaction 1 induce chlorination of alloying elements at the corrosion front 8, 11, 15 . The tendency of Cl to selectively chlorinate Mn, Fe and Cr in austenitic stainless steels results in the observed enrichment of Ni at the corrosion front ( Figure 4 ) and is due to the relatively low driving force for the chlorination of Ni compared to the other alloying elements [26] [27] [28] [29] . Further, the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 11 metal chlorides of these metals are more volatile, and in addition, relatively easier to be converted to oxides, than the metal chloride of Ni within the temperatures investigated in this work. Consequently, Fe-Cr-Mn rich oxides are identified in region 2 due to conversion of chlorides of these elements to their oxides. These oxides exhibited a porous morphology probably because the transport of the precursor metal chlorides occurred through the gas phase. As is shown by the presence of K and S in region 1 of the corrosion products (Figure 4 ), KCl deposited on the surface of the samples, reacts with SO 2 in the gas mixture resulting in formation of K 2 SO 4 (i.e., in-deposit sulphation in accordance with reaction 1).
Although the exact degree of KCl conversion to K 2 SO 4 cannot be precisely followed with the characterization techniques applied in the present study, the observed increase in thickness of region 1 (Figure 3) indicates that the sulphation process (i.e., reaction 1) is still ongoing even after 672 h. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 12 Moreover, the corresponding increase in thicknesses of regions 2 and 3 suggests that the sulphate layer in region 1 does not effectively hinder the transport of corrosive species to and from the corrosion front, thereby essentially suggesting that, as long as the sulphation of the deposit is incomplete, the Clpropagated corrosion mechanism will progress with time under a static (non-replenished) deposit, as applied in the present study. However, this Cl propagation mechanism, and partial sulphation of the deposit is very dependent on the flue gas composition. In the same set-up employed in this study, when there was no HCl in the flue gas, a totally different morphology was observed, where in some areas, there were pits and in other areas, thin 'protective' corrosion products of oxide and sulphides 30 .
Increasing the SO 2 content, as was the case in simulated oxyfuel conditions with an NaCl deposit 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 This indicates that the order of temperature change during thermal variation only influences the degree of corrosion, and not necessarily the previously described Cl-propagated mechanism which is considered responsible for the corrosion attack. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 o C during thermal variation, the extent of corrosion attack is significantly higher than the corresponding isothermal exposure at 560 o C. On the basis of these observations, it is probable that a superheater will always suffer more corrosion attack once it encounters a temperature above its typical operating temperature. Furthermore, the sequence in which the material experiences a higher temperature during operation will influence the degree of corrosion attack such that an initial high temperature can propagate faster corrosion even during subsequent operation at lower temperatures. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 18
The observed influence of temperature on the extent of corrosion attack could relate to its effect on both the kinetics and thermodynamics of some principal processes involved in corrosion under biomass firing conditions. As stated in section 1.0, the breakdown of initially formed oxides due to their reaction with alkali chloride deposits, which is expected to be of relevance during the initiation stages of corrosion attack, can be influenced by temperature. Using as an example, the reaction between KCl and the Fe-Cr rich oxide that is known to form on austenitic stainless steels during the initial stages of corrosion 20,34 (reaction 2), thermodynamic calculations show that the Gibbs free energy change becomes less positive as temperature increases 35 . The fact that K 2 CrO 4 was not observed in this study may not be due to the non-occurrence of this reaction to break down the initial chromia layer, but may be due to sulphation of the K 2 CrO 4 as was observed in a previous study 36 . Similarly the Gibbs free energy change for reaction 2 becomes more negative with KCl vapour 35 . Thus, it is expected that increased generation of KCl vapour due to the temperature increase will enhance breakdown of the initially formed oxides on the sample surface, thereby providing access for transport of corrosive species. More so, based on literature, the sulphation of KCl which occurs under biomass firing conditions, can be enhanced when KCl is in the vapour phase 37 . Consequently, a higher partial pressure of HCl can be realized with temperature increase, as has been reported in reference 38 for the sulphation of condensed KCl. The Arrhenius plot of the sulphation rate reveals that the activation energy increases with respect to temperature between approximately 560 ºC and 600 ºC indicating a change in reaction mechanism 38, 39 . Accordingly, it is likely that when temperature was increased in the present investigation, more chlorine was generated from dissociation of the resulting HCl 11, 40 , to sustain corrosion attack. Although the resulting HCl may leave the system via the flowing gas stream during the corrosion exposure, the observation of lesser corrosion attack on samples that were 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 19 of chlorine that incites more chlorination at the corrosion front. Based on the cyclic nature of the Clpropagated corrosion mechanism 11, 25, 26 , it is probable that part of the generated chlorine remained in the system to propagate corrosion during subsequent exposure at a lower temperature, thereby explaining the observed trend in thickness of corrosion products on samples isothermally exposed at 560 o C, compared to samples exposed under conditions that involved thermal variation (Figure 8 ). Such memory effect has been similarly observed in previous investigations with powders of Fe-Cr alloys, in which chlorine accumulation in the system sustained corrosion attack after removal of the chlorine source 41 .
It is important to also note that within the temperature range investigated in the present study (560 o C-600 o C), Cr diffusion for oxide formation occurs mainly along the alloy grain boundaries 42 . In addition, the reaction of the major alloying elements (Fe, Cr, Ni) in the investigated alloy with chlorine is thermodynamically feasible within this temperature range 35 , with the chlorination of Cr being particularly more favourable compared to Fe and Ni. Consequently, the expected promotion of Cr diffusion along the grain boundaries due to temperature increase will not lead to formation of a protective Cr 2 O 3 under the investigated biomass firing conditions. Instead, preference for chlorination of Cr facilitates corrosion attack along grain boundaries as was observed in Figures 5 and 7 .
One of the important factors controlling the nature of corrosion under chlorine-containing atmospheres is the stability of the metal chlorides resulting from the chlorination process. Increase in temperature provokes an increase in evaporation of metal chlorides, due to an increase in their vapour pressures 26 .
Thus, with increasing temperatures, there is greater tendency for the metal chlorides formed at the corrosion front to evaporate, consequently leading to faster removal rates. Indeed, kinetic consideration of the high temperature reaction of metals under chlorinating atmospheres suggests an Arrhenius law controlled rate limiting step, which gives rise to exponential removal rates of the resulting reaction products upon temperature increase 43 . In line with the suggestion that the predominant transport of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 20 species during corrosion under the investigated condition is probably via the gas phase, temperature provoked exponential removal rates are expected to also contribute to the observed influence of temperature on the degree of corrosion attack.
Conclusions
The 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   21 partial pressure of chlorine generated at high temperatures sustains corrosion attack during subsequent exposure to a lower temperature. Thus, a single increase of the service temperature in real power plants as part of typical temperature fluctuations has a dramatic effect.
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